The Eph family represents the largest subfamily of receptor tyrosine kinases. Its members are predominantly expressed in the developing and adult nervous system. Besides playing an important role in the contact-mediated repulsion of axons, they have recently also been implicated in the control of cell migration. Characteristics of the Eph family are extended promiscuity in the interaction between receptors and ligands, the necessity of membrane attachment of the ligands to exert their function, the lack of induction of mitogenic responses, and the bidirectional signalling of receptors and ligands.
Introduction
In 1987, H. Hirai et al. [1] identified a novel gene by screening human genomic libraries with the tyrosine kinase domain of the viral oncogene v-fps. The gene they isolated encoded a new type of receptor tyrosine kinase (RTK) and was named eph, after the cell line from which it had been isolated (from erythropoietin-producing hepatocellular carcinoma). This gene became the founding member of a subfamily of RTK genes. In 1988, Letwin et al. [2] screened libraries with anti-phosphotyrosine antibodies and cloned another novel RTK gene, elk, showing significant homology to the eph gene. In subsequent years, it became apparent that the Eph family constitutes a very large subfamily of RTKs, including at least 14 receptors. Due to the approaches used for isolation, they were orphan receptors for a number of years, which considerably hampered their functional characterization. Swapping experiments using extracellular domains from RTKs with known ligands were performed to study effects of an (artificial) activation of the intracellular Eph kinase domain [3] . However, in these experiments on fibroblasts and epithelial cells, a mitogenic response typical of RTKs was not observed, an early indication of a divergent function for the Eph family. Despite these difficulties in functional characterization, the Eph family attracted considerable interest in the research community, as a number of Eph genes showed intriguing expression patterns in the developing and adult central nervous system (CNS), and some of them were expressed exclusively in the CNS (e.g. see [4] [5] [6] [7] ).
In 1994, the first ligand for an Eph receptor was isolated by screening supernatants of cell lines using receptor affinity chromatography, which yielded a roughly 25 kDa protein called B61, now renamed Ephrin-A1 [8] . The gene encoding this ligand had been cloned previously as an immediate early response gene that is induced after TNF-α treatment of umbilical vein cells [9] . The identification of this ligand was followed by the rapid identification of additional members of this ligand family, which comprises to date eight different members [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
Increasing evidence suggests that the Eph family is strongly involved in processes of axon guidance and cell migration. In this review, I summarize recent data with emphasis on the role of the Eph family in neural crest cell migration, in topographic projections and on potential Eph receptor downstream signalling pathways.
Names, numbers and patterns
Many different research groups contributed to the cloning of the 14 Eph receptors and eight ligands known to date. Not surprisingly, orthologues were often named using different schemes, making the Eph literature quite confusing. At a recent axon guidance meeting in Heidelberg organized by R. Klein and J. Flanagan, a unifying nomenclature for the Eph family was agreed upon (Figure 1) . Accordingly, the two classes of ligands are now called A-Ephrins (GPI anchored) and B-Ephrins (transmembrane anchored). The receptors are also subdivided into two classes: EphA receptors, interacting preferentially with A-Ephrins, and EphB receptors, interacting preferentially with B-Ephrins. This classification into just two subgroups is justified by sequence homologies and by the high degree of promiscuity in the interaction of ligands and receptors: each ligand of a certain subgroup can interact with more or less all receptors of the corresponding subclass and vice versa [10, [20] [21] [22] . The only exception to this classification might be the EphA4 receptor, which binds to A-Ephrins and with considerably high specificity also to B-Ephrins (Figure 1 ).
Considering the daunting degree of cross-reactivity, an understanding of the role of the Eph family in a particular developmental process might require the characterization of the expression patterns of the entire EphA or EphB subclass. The use of soluble receptor and ligand fusion proteins made up of the extracellular domain of the respective receptor or ligand fused to various tags (normally either alkaline phosphatase or the F c part of a human immunoglobulin) has yielded convenient molecular tools that simplify this task [10] . Due to the cross-reactivity within the Eph family, a receptor fusion protein can be used to detect (by virtue of an alkaline phosphatase enzymatic reaction or immunohistochemistry) the approximate expression pattern of the corresponding ligand subclass and, conversely, in the case of ligand fusion proteins, the expression patterns of receptors. Slight variations in these patterns have been observed occasionally [20] , indicating differences in binding preferences of individual ligands and receptors.
Analyses of this kind suggest that in early development the embryo is subdivided into broad domains defined by the complementary expression of receptor subclasses and their corresponding ligands (e.g. see [20, 23] ). Examples of such subdivisions are the ventral expression of EphB receptors in forebrain, midbrain and hindbrain in contrast to the dorsal expression of the EphB ligands in these areas and the compartmentalization of the dorsal midbrain along the anteroposterior axis by the EphA receptors and ligands [20] .
Another clear example is found in the segmented structures of the developing hindbrain, the rhombomeres [24, 25] . Here, Ephrin-B ligands are expressed in evennumbered rhombomeres, whereas their corresponding EphB receptors are expressed in odd-numbered rhombomeres [7, 18, 19, [26] [27] [28] . Additionally, the EphA2 receptor is expressed in rhombomere r4 [28] , and the EphA4 receptor in rhombomeres r3 and r5 [4] . A dominant-negative approach to interfere with EphA4 receptor function led to the disruption of the spatially restricted expression of r3/r5-specific marker genes in the hindbrain [29] . This and a related investigation [30] suggest that members of the Eph family contribute to the establishment of the basic body plan of the early embryo.
Neural crest cell migration
Recent work on trunk and branchial neural crest cell migration presents a good example of the control of patterning processes by Eph family members [31] [32] [33] . Trunk crest cells migrate in a segmental fashion along a specific pathway through rostral sclerotomes, but avoid the caudal half of sclerotomes. A number of characterized molecules have expression patterns that make them candidates for the inhibitory effects of caudal sclerotome [34] [35] [36] . It now appears, though, that members of the EphB family may play a prominent role in this process. In rat, Ephrin-B2 is expressed in caudal sclerotome, whereas the EphB2 receptor is expressed on rostral sclerotome as well as on migrating neural crest cells [31] . In chick, other EphB family molecules are expressed: Ephrin-B1 is expressed in caudal sclerotome and EphB3 is localized to rostral-half sclerotome and neural crest [33] (see below). These molecules were functionally analyzed in the stripe assay, an experimental system well suited to study aspects of cell migration/axon guidance in vitro. Here, neural crest cells were given the choice of growing on alternating stripes containing either fibronectin or fibronectin plus an Ephrin-B ligand. Migration of these cells preferentially on fibronectin-containing lanes indicates that they are repelled from growing on fibronectin+Ephrin-B lanes [31, 33] . From this, the suggestion was put forward that in vivo Ephrin-B-EphB receptor interactions repulse migrating crest cells from entering the caudal sclerotome. A similar repulsive mechanism was found for motor axons, which also follow a trajectory through rostral sclerotome [31] . In whole trunk explants, applying function-disturbing soluble B-Ephrins disrupted the metameric pattern of migration of neural crest cells so that they also entered caudal sclerotome [33] .
Cranial neural crest cells arising from the hindbrain migrate in four streams to specific branchial arches, where they differentiate into distinct sets of cartilage and bones. As the rostrocaudal identity of these cells seems to be specified prior to migration, a precise targeting to their correct destination appears to be necessary. As shown by Smith et al. [32] in vivo, the prevention of intermingling of second and third arch cranial neural crest cells and the migration of third arch neural crest cells to their correct target area are controlled by the complementary expression of Eph family members, as EphA4 and EphB1 receptors are expressed on migrating third arch neural crest cells and Ephrin-B2 ligand on cells destined for second arch.
In addition to these findings suggesting a role of the Eph family in controlling the segmental patterns of cell migrations in the peripheral nervous system, the Eph family has for some time been implicated in axon guidance processes in the CNS.
Topographic projections
Topographic projections are a general feature of brain architecture [37] . The function of this projection type is the faithful transfer of spatially organized information from one area of the brain to another, which requires a precise connection between neurons of the projecting and the target area. The fact that Eph ligands can activate their receptors only when in a membrane-bound form [10] makes this family especially suitable for regulating certain aspects of this process: a spatially precise expression pattern of axon guidance molecules is more easily achieved for membrane-bound than for soluble ligands. In the following, I discuss two examples of topographic projections for which a function of the Eph family has been shown.
The retinotectal projection
In the retinotectal projection, temporal retina is connected to anterior tectum, nasal retina to posterior tectum, and likewise dorsal and ventral retina are connected to ventral and dorsal tectum, respectively [38, 39] . A number of research groups are presently focusing on the issue of which mechanisms and molecules control the formation of these very precise connections. Theoretical concepts first formulated decades ago propose the involvement of gradients of receptors on axons and corresponding counterparallel or parallel gradients of ligands in the tectum [40, 41] . The invention of the stripe assay technique made it possible to study these axon guidance phenomena in vitro and led to the characterization of a gradient of expressed activity that specifically repels temporal axons from invading the inappropriate posterior tectum [42, 43] . The cloning and characterization of an Ephrin-A ligand based on these stripe assay results and the description of complementary expression patterns of EphA receptors and Ephrin-A ligands in retina and tectum, respectively, support these theories [17, 44] , which have been reinforced by recent publications [45, 46] . These results lead us to propose a (somewhat oversimplified) model in which nasal and temporal retinal axons are guided to their target areas in the anterior and posterior part of the tectum by the differential expression of Ephrin-A2 and Ephrin-A5, which define two boundaries ( Figure 2 ). Temporal axons, with a high expression of EphA3 receptor, are specifically repulsed at the boundary of Ephrin-A2 in the anterior tectum and are therefore prevented from growing into the posterior tectum. As nasal axons express EphA3 at only low levels or not at all, they surmount this boundary, but are restricted from leaving the posterior tectum owing to a specific repulsion mediated by EphA4/5 receptors and Ephrin-A5 ligand.
This crude model of a bimodal projection pattern can be extended into a model of a more precise topographic projection by considering the graded expression pattern of receptors and ligands. Due to the formation of antagonistic gradients, retinal ganglion cell axons expressing low levels of receptor appear to connect to regions of the tectum expressing high amounts of ligand, and vice versa.
Intriguing asymmetrical expression patterns of other members of the Eph family [47] [48] [49] [50] suggest that these proteins might be involved, for example, in the control of the development of the dorso-ventral aspect of the retinotectal projection. Although it appears that the important players have been identified and crudely characterized, other findings indicate that we are only just beginning to understand the development of this projection. For example, the ingrowth of retinal axons into the tectum cannot work solely by repulsive interactions -there must also be attractive mechanisms/molecules that antagonise the repulsion; at present it is not clear whether these are intrinsic or extrinsic to the retinal axons [51] . A complete model must also explain two observations. First, the growth of retinal axons towards their correct target area is independent of their point of entry into the tectum, as retinal axons find their correct target if they invade the tectum from the posterior end [52] . Second, in some species retinal axons overshoot their target area, growing to a more posterior position and finding their correct area only after a remodelling process [53] [54] [55] .
Another twist is that Ephrin-A and Ephrin-B ligands are expressed in the retina in patterns complementary to the EphA and EphB receptors [56] . This could suggest a function of the Eph family in retinal histogenesis, but might also indicate a function in the development of the retinotectal projection.
It is interesting to note that, when neural crest cell migration in chick is compared to that in rat, different ligands are engaged for apparently the same function [31, 33] . This raises the intriguing issue of whether ligands within each of the two subgroups are, in general, functionally interchangeable. The lessons learned from the retinotectal projection system tell a different story, in that Ephrin-A2 and Ephrin-A5 show profound functional differences [46] . It might be the combination of expression patterns (of ligands and receptors) that provides the positional information along which aspects of neuronal patterning are organized.
The hippocamposeptal projection
The hippocampus and its projections are of special interest to neurobiologists, as this structure is crucially involved in learning and memory [57] . Input to the hippocampus from the entorhinal cortex, as well as the major hippocampal afferents to the septum and cerebral cortex, are topographically organized [58] . In the hippocamposeptal projection, axons from the medial hippocampus project to the dorsal lateral septum, while axons from the lateral hippocampus project to the ventral lateral septum. The research group of R. Zhou has investigated the expression of various Eph family members in this projection [59, 60] and found patterns that resemble those of the retinotectal projection. Gao et al. [59] showed that in the hippocampus the EphA5 receptor is expressed in a low lateral to high medial gradient, whereas ligand expression, as detected by an EphA5-alkaline phosphatase probe, shows a high ventrolateral to low dorsomedial gradient in the septum (Figure 3) . Therefore, here also regions of high receptor expression connect to regions of low ligand expression and vice versa. RNA in situ hybridization showed that the ligand gradient is made up of the overlapping expression of at least three ligands, Ephrin-A2, -A3 and -A5. It was shown that axons from the lateral hippocampus are inhibited from growing on 3T3 cells ectopically expressing Ephrin-A2, whereas axons from the medial hippocampus A model for retinotectal projection. (a) It is anticipated that nasal and temporal retinal ganglion cell axons are two homogeneous axonal populations projecting to two different areas (anterior and posterior tectum). (b) Due to the overlapping expression of two EphA ligands, the tectum is subdivided into two domains. Temporal axons, expressing the EphA3 receptor, interact specifically with the more anteriorly located Ephrin-A2, which results in a repulsion of these axons. Temporal axons are therefore prevented from growing into the posterior tectum and are restricted to the anterior domain. Nasal axons, expressing the EphA3 receptor at low levels or not at all, surmount the Ephrin-A2 boundary, but are restricted from leaving the posterior tectum due to a specific interaction between EphA4/5 receptors and Ephrin-A5, which is expressed at the end of the posterior domain. (The interaction of Ephrin-A2 with EphA receptors that are expressed uniformly on nasal and temporal axons does not lead to a repulsion of retinal axons [45, 46] .) (c) This model might be extended by postulating additional ligands (generating more boundaries) and corresponding receptors interacting with these ligands. The differences might not be qualitative, but quantitative, resulting in gradients of receptors on retinal axons interacting with gradients of ligands in the tectum. For a discussion of this model, see the text. are not [59] . Interestingly, the expression of these genes is not restricted to the time of development of the hippocamposeptal projection, but is also found in adult mice, which was taken to indicate that the Eph family might also be involved in other processes, such as synaptic plasticity.
The Eph family has also been implicated in the formation of other axonal projections, such as the neuromuscular and somatosensory projections [31, [61] [62] [63] [64] , which also show striking similarities in the specific expression patterns of Eph family members.
Lessons from Eph receptor mutant mice
Due to the widespread expression of Eph receptors and ligands and the large number of possible receptor-ligand interactions, it was not expected that knockout strategies to analyse the function of Eph receptors would pay off immediately. However, although some knockouts did not show an obvious phenotype (e.g. [65] ), others gave instructive results and demonstrate an essential role of these proteins in brain development. Interestingly, it was found for each of the three knockouts for which a phenotype has been reported (EphB2 [66] , EphB3 [67] and EphA8 [68] ) that the formation of commissures was perturbed to varying extents.
The most surprising result was obtained in the analysis of the EphB2 knockout. The perturbed development of the posterior part of the anterior commissure suggested that EphB2 would be expressed on these axons in the wild type and, correspondingly, an EphB2 ligand would be expressed in those areas of the brain that are avoided by these axons. Surprisingly, the reverse situation was found: a ligand of EphB2 was expressed on commissural axons, whereas EphB2 itself was expressed in cells adjacent to the pathway of growing commissure axons [66] . The suggestion was put forward that the receptor functions here as a ligand and the ligand as a receptor, indicating bi-directional signalling through B-Ephrins in at least some developmental processes. In support of this, the phenotype of a knockout in which the kinase domain of EphB2 was replaced by a lacZ reporter gene was less severe than the phenotype when the whole gene was inactivated [66] . The concept of bi-directional signalling was further strengthened in biochemical analyses showing that the highly conserved intracellular domain of B-Ephrins can be tyrosine-phosphorylated after receptor binding in vitro, and likewise in vivo [69, 70] . It is tempting to speculate that in the case of A-Ephrins, intracellular signalling could be conducted via an associated transmembrane protein.
Intracellular signalling of Eph receptors
Growth cones respond to extracellular guidance cues by selectively stabilising or destabilising the actin cytoskeleton in filopodia and lamellipodia to achieve directional growth [71] . The molecules and mechanisms of the signalling cascade that link extracellular cues to the actin cytoskeleton are, however, poorly understood. Prime candidates for playing a key role in controlling the actin cytoskeleton are members of the Rho family of small GTPases, of which Rho, Rac1 and Cdc42 are the best studied (reviewed in [72, 73] ). These molecules function as molecular switches by cycling between an inactive (GDP-bound) and an active (GTP-bound) state, with the balance thought to be controlled by guanine-nucleotide exchange factors (GNEF) and GTPase-activating proteins (GAPs), both of which are themselves subject to extensive regulation. Additionally, there is cross-regulation between Rho, Rac and Cdc42 (reviewed in [74] ). These GTPases do not act directly on the actin cytoskeleton, but rather contribute to the control of effector molecules such as profilin and gelsolin, actinbinding proteins involved in the turnover between the monomeric (G-actin) and polymeric (F-actin) forms [75] .
It is generally believed that Rho is involved in regulation of actin stress fibre formation and focal adhesion [76] , that Rac1 is involved in membrane ruffling and the formation of lamellipodia [77, 78] , and that Cdc42 is involved in the formation of filopodia [78, 79] . In view of the involvement of the Eph family in axon guidance and cell migration, it might be expected that these GTPases are a target of intracellular signalling by activated Eph receptors.
Using the neuroblastoma cell line NG108, Holland et al. [80] demonstrated recently that after ectopic expression and activation of EphB2, a multimeric complex of phosphorylated proteins is formed at this receptor. Three constituents of this complex were identified as p62 (a Ras-GAP-associated protein), Ras-GAP itself and Nck. p62 [81, 82] could function here as a scaffolding protein, as it contains a number of potential tyrosine-phosphorylation
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Figure 3
Proposed model for the function of the EphA5 receptor and its ligands in the hippocamposeptal projection. The EphA5 receptor is expressed in the hippocampus in a high medial (M) to low lateral (L) gradient, whereas in the target area, the lateral septum, a high ventrolateral (VL) to low dorsomedial (DM) gradient is formed by the overlapping expression of at least three Ephrin-A ligands. Due to these expression patterns, regions of high receptor expression in the hippocampus are connected to regions of low ligand expression in the septum, and vice versa. motifs that might allow the assembly of a multimeric complex at the membrane by docking proteins containing an SH2 domain. Ras-GAP is associated with p190 Rho-GAP [83] , a negative regulator of Rho. Overexpression of the amino-terminal domain of Ras-GAP, which binds to Rho-GAP, leads to changes in the cytoskeleton, characterized by the disruption of actin stress fibres and focal adhesion complexes [84] . Nck is an SH2/SH3 domain containing adaptor protein that is the vertebrate homologue of Drosophila dreadlocks (dock), which is required for the guidance of Drosophila photoreceptor axons [85] . The SH3 domain of Nck interacts with two Cdc42/Rac-binding proteins, WASP and mPAK-3 [86] . The neuronal isoform of WASP, N-WASP, is of particular interest as it regulates actin polymerisation by interaction with Cdc42/Rac [87] . Moreover, WASP can also interact with Grb2, another adaptor protein that, like Nck, binds to activated EphB1 receptors ( [88] ; see below). These initial characterizations provide an idea of how Eph receptors might signal inside the cell and strengthen the idea of an involvement of this family in axon guidance/cell migration processes.
A number of other proteins have been identified that interact with activated Eph receptors. One is the protooncogene product Fyn, which binds with high specificity to the juxtamembrane region of EphA4 [89] . Interestingly, fyn -/-mice show defects in, for example, development and function of the hippocampus.
Another Src-like adaptor protein containing SH2 and SH3 domains named SLAP was identified by Pandey et al. [90] in a yeast two-hybrid screen as binding to the EphA2 receptor. Unlike other Src family members, it lacks a catalytic tyrosine kinase domain and in this respect resembles Nck. In the same screen, the 85 kDa subunit of phosphatidylinositol (PI) 3-kinase [91] was also identified as interacting with Eph receptors. This kinase has been shown to associate with Rho, Rac and Cdc42 (for review, see [92] ).
Another yeast two-hybrid screen identified two adaptor proteins, Grb2 and Grb10, that bind to EphB1 in vascular endothelial cells [88] . Whereas Grb10 requires an intact carboxyl terminus of EphB1 for binding, this is not necessary for Grb2 (which probably binds to the juxtamembrane region between the transmembrane and kinase domains). Grb2 is an SH2/SH3 domain containing protein that binds directly to phosphotyrosines of RTKs. Grb10 is another adaptor protein that shows extended sequence homologies to the Caenorhabditis elegans mig10 gene. Interestingly, the mig10 mutant shows defects in embryonic neural migration [93] .
Outlook
Although the principles of repellent axon guidance/cell migration by the Eph family are far from being completely understood, it is interesting to speculate about other potential functions of the Eph family that may remain to be uncovered. Indeed, some of these functions have already been touched on by recent publications ( Table 1 ).
The Eph family may also mediate attractive functions, by analogy to the Netrin/Unc6 family of axon guidance molecules, which have been characterized as being both repellent and attractive, depending on the receptor composition of the respective axon populations [94] . A clue for an attractive function is the characterization of Ephrin-A1 as a chemoattractant for endothelial cells in vitro [95] . A neurotrophic activity for Ephrin-A1 in cultures of rat spinal cord has also been reported [96] .
A possible involvement in the control of cell adhesion has been discussed for members of the EphB subclass [97] [98] [99] . Also, microinjection of RNA encoding an activated form of the EphA4 receptor into fertilized Xenopus eggs caused a profound disruption of cell adhesion, which was rescued by co-injection of RNA encoding C-cadherin [100] . Although suggestive, thus far these data do not, however, demonstrate a direct link between the Eph and Cadherin systems.
Some Eph receptors are expressed in the adult CNS well beyond the time at which initial axon patterning and cell migration processes are over. In the retinotectal projection, for example, some Eph receptors are downregulated concomitant with the establishment of the initial ingrowth of retinal axons, whereas others are still expressed [48] , suggesting possible functions in synapse formation or synaptic plasticity. [29] Patterning of the developing diencephalon [30] Cell adhesion [110] Neurotrophic activity on rat spinal [96] cord neurons Chemoattraction for endothelial cells [95] *It is anticipated that axon repulsion and growth cone collapse are different phenotypes of the same function.
Within sight is a closer functional characterization of the Eph system in other sensory systems, for example in the somatosensory, auditory or olfactory systems. For the latter, Zhang et al. [60] have shown the expression of Eph receptors and ligands on olfactory receptor neurons and mitral cells, respectively. Again, complementary expression patterns were observed between different glomeruli, which represent synaptic relay stations between these two types of cells through which olfactory input is passed to higher brain centres. In individual glomeruli, either ligand or receptor is expressed, but not both. Although the significance of this is not understood, it indicates that patterning in the olfactory system also correlates with specific expression patterns of the Eph family.
As the further characterization of the intracellular signalling pathways of Eph receptors (and transmembrane ligands) proceeds, it will be interesting to learn whether and how the assembly and disassembly of the actin cytoskeleton is controlled by the activity of these molecules. This biochemical approach may also lead to the identification of signalling molecules that have already been implicated in other functions than axon guidance/cell migration. Of special interest will be a comparison of the downstream signalling pathways of Eph receptors, semaphorin receptors (the neuropilins) and netrin receptors (DCC, neogenin and the vertebrate Unc5 homologues), all of which are so far poorly characterized, to look for convergence on central control elements.
New insights may also come from the ongoing characterization of zebrafish mutants identified in large-scale screens in Tübingen [101] and Boston [102] , which can now be analysed, for example, by comparing expression patterns or the chromosomal locations of various zebrafish Eph family members [103] [104] [105] [106] with those of the mutants. This approach has the potential to reveal new functions for the Eph family members as well as to underscore their role in patterning neural development.
